Abstract. The human intestinal proton-coupled peptide transporter, hPEPT1 (SLC15A1), has been identified as an absorptive transporter for both drug substances and prodrugs. An understanding of the prerequisites for transport has so far been obtained from models based on competition experiments. These models have limited value for predicting substrate translocation via hPEPT1. The aim of the present study was to investigate the requirements for translocation via hPEPT1. A set of 55 tripeptides was selected from a principal component analysis based on VolSurf descriptors using a statistical design. The majority of theses tripeptides have not previously been investigated. Translocation of the tripeptides via hPEPT1 was determined in a MDCK/hPEPT1 cell-based translocation assay measuring substrateinduced changes in fluorescence of a membrane potential-sensitive probe. Affinities for hPEPT1 of relevant tripeptides were determined by competition studies with [
INTRODUCTION
The human proton-coupled peptide transporter hPEPT1 is located in the apical membrane of the small intestine where its physiological function is transport of di-and tripeptides (1) (2) (3) . Several β-lactam antibiotics and antiviral prodrugs are also transported by hPEPT1 (4) (5) (6) (7) (8) , and therefore, hPEPT1 has attracted considerable interest in drug delivery as an absorptive transport pathway (9, 10) . Low permeability of a drug candidate may slow or stop further development. Rational design of drug or pro-drug candidates, i.e. by making them substrates for hPEPT1, might be one strategy to overcome this problem (11) . An example of the successful application of this strategy is the antiviral prodrug valganciclovir; the parent compound ganciclovir is not a substrate for hPEPT1 and has an absorption fraction of 6%, whereas the absorption fraction of the hPEPT1 substrate valganciclovir is 60% (8, 12) . Accordingly, robust and predictive models of the structural determinants for substrate translocation via hPEPT1 would be a useful tool in the design of new (pro-) drugs.
Ligand binding to PEPT1 has previously been modelled. Bailey et al. reported a template for PEPT1 substrates, which identified four key binding regions in the PEPT1 binding site (13) . Gebauer et al. created a quantitative structure-activity relationship (QSAR) model on dipeptides, tripeptides and β-lactam antibiotics employing CoMSIA descriptors (14, 15) . A QSAR model that correlates the binding of tripeptides to hPEPT1 with the alignment independent VolSurf descriptors was reported in 2006 (16) . Recently, Larsen et al. published a model using hierarchical projections to latent structures by means of partial least square (PLS) modelling and several alignment independent descriptors (17) . All previously published QSAR models have been based on affinity data, obtained in competition experiments with stable, radiolabelled dipeptides, thus basically modelling the ligand binding. However, it has become evident that ligand binding to hPEPT1 does not necessarily correlate with ligand translocation via the transporter. Several inhibitors of hPEPT1 have been identified including L-Glu(trans-2-thymidine-1-yltetrahydrofuran-3-yl ester)-Sar, L-Glu(acyclothymidine)-Sar, Glu(acyclovir)-Sar, Lys[Z(NO2)]-Pro and 4-aminomethylbencoic acid (18) (19) (20) (21) . The relationship between affinity and translocation via hPEPT1 of a large number of dipeptides has been reported, but no structure-translocation relationship by means of a QSAR model has been made (22) .
The aim of the present study was to create a structuretranslocation relationship for tripeptide translocation via hPEPT1 using K m app values as a measure. A representative selection of tripeptides was selected, and the translocation via hPEPT1 was determined in MDCK/hPEPT1 cell using a membrane potential-sensitive fluorescence probe. This enabled us to successfully construct the first quantitative structure-translocation relationship for hPEPT1.
MATERIAL AND METHODS

Materials
Dulbecco's modified Eagle medium, penicillin/streptomycin, L-glutamine, non-essential amino acids, Hanks' balanced salt solution (HBSS) and geneticin were from Invitrogen (Taastrup, Denmark). Foetal bovine serum was purchased from Biotech line (Slangerup, Denmark). Ninety-six well black and clear bottom tissue-culture treated polystyrene plates were from BD Falcon (Franklin Lakes, NJ, USA). Gly-Pro, Gly-Sar, 2-[Nmorpholino]ethanesulfonic acid (MES), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Triton X-100 and bovine serum albumin (BSA) were from Sigma-Aldrich (Brøndby, Denmark). [ 14 C]Gly-Sar (specific activity 56 mCi/ mmol) was from GE-Healthcare (Freiburg, Germany). [ H] mannitol (specific activity 17 Ci/mmol) and Ultima Gold scintillation fluid were from Perkin Elmer Life and Analytical Sciences (Boston, MA, USA). The FLIPR® membrane potential assay kit was purchased from Molecular Devices (Berkshire, UK). Ala-Asn-Ser (purity 100%), Ala-Asp-Tyr (purity 99%), Ala-Ile-Asp (purity 95%), Ala-Lys-Asn (purity 100%), Arg-His-Asp (purity 100%), Arg-Ile-Gln (purity 100%), Arg-Ile-Thr (purity 99%), Arg-Phe-Gln (purity 100%), ArgPro-Ser (purity 100%), Arg-Ser-Ser (purity 97%), Asn-Arg-Leu (purity 99%), Asn-Gly-His (purity 100%), Asn-His-Trp (purity 97%), Asp-Arg-Arg (purity 98%), Asp-Cys-Asp (purity 100%), Asp-Ile-Arg (purity 100%), Asp-Tyr-Thr (purity 98%), CysAsn-Met (purity 95%), Cys-Leu-Tyr (purity 97%), Gln-Glu-Ile (purity 97%), Gln-Thr-Asn (purity 100%), Glu-Glu-Glu (purity 100%), Glu-Glu-Ser (purity 99%), Glu-Ser-Met (purity 98%), Gly-Gly-Leu (purity 99%), Gly-Pro-Lys (purity 99%), Gly-TrpVal (purity 98%), Gly-Tyr-Trp (purity 100%), His-Thr-Asn (purity 98%), Ile-Leu-Met (purity 100%), Leu-Asp-Trp (purity 99%), Leu-Leu-Asp (purity 96%), Lys-Lys-Glu (purity 99%), Lys-Val-Pro (purity 96%), Met-Glu-Tyr (purity 99%), Met-LeuAsn (purity 100%), Met-Pro-Pro (purity 98%), Phe-Gly-Val (purity 100%), Phe-His-Lys (purity 100%), Phe-Leu-Ala (purity 96%), Pro-Glu-Leu (purity 99%), Pro-Gly-Asn (purity 99%), Pro-Trp-Ile (purity 95%), Ser-Asn-Asn (purity 99%), Ser-CysGlu (purity 100%), Ser-Gln-Phe (purity 98%), Ser-Leu-Ala (purity 99%), Ser-Ser-Ser (purity 99%), Thr-Met-Phe (purity 95%), Trp-Glu-Asp (purity 100%), Trp-Pro-Tyr (purity 100%), Trp-Trp-Trp (purity 100%), Tyr-Lys-Thr (purity 97%) and ValSer-Thr (purity 99%) were custom-synthesised at Caslo Laboratory (Lyngby, Denmark) and separated as trifluoroacetate salts. Purities were measured with HPLC-UV and identity was determined with mass spectrometry. Ala-AlaAla, Ala-Pro-Ala, Gly-Ala-Asp, Gly-Ala-Phe, Gly-Glu-Gly, Gly-Gly-Gly, Gly-Leu-Tyr, Gly-Val-Phe, Met-Phe-Gly and SerGly-Gly were purchased from Bachem (Weil am Rhein, Germany) and had a purity of at least 95% (determined by TLC or HPLC analysis).
Methods
Biological Investigations
Cell Culture. MDCK cells stably expressing hPEPT1 (MDCK/hPEPT1 cells) or transfected with the empty pcDNA3.1 vector (MDCK/Mock cells) were kindly donated by Bristol-Meyers Squibb Company (New Brunswick, NJ, USA) (23) . Cells were seeded in culture flasks and passaged in Dulbecco's modified Eagle's medium with 10% foetal bovine serum, penicillin (100 U/ml), streptomycin (100 µg/ml), 1% L-glutamine, 1% non-essential amino acids and geneticin (0.3 µg/ml). The cells were grown in an atmosphere of 5% CO 2 and 95% O 2 at 37°C. Growth media were replaced every second or third day. Fore experiments, cells were seeded at a density of 1×10 5 cells/well in 24-well plates or 4×10 4 cells/well in 96-well plates in Dulbecco's modified Eagle's medium with 10% foetal bovine serum, penicillin (100 U/ml), streptomycin (100 µg/ml), 1% L-glutamine and 1% non-essential amino acids. All experiments were conducted three days postseeding. MDCK/hPEPT1 cells were used in passages [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , and the MDCK/Mock cells were in passage 20-31.
Estimation of Substrate Translocation by FluorescenceBased Measurements of Changes in Membrane Potential. The growth media were aspirated from the cells and replaced with 50 μl of FLIPR® membrane potential assay kit dye stock solution reconstituted in HBSS buffer pH 6.0 (HBSS supplemented with 10 mM MES and 0.05% BSA). The cells were incubated for 30 min at 37°C to ensure dye equilibrium across the cell membrane. The assays were carried out at 37°C and were initiated by addition of 50 μl test solution in HBSS buffer pH 6.0 with FLIPR® membrane potential assay kit dye. Sample-induced changes in fluorescence (indicative of changes in membrane potential) were measured on a NOVOstar platereader (BMG LabTech, Offenburg, Germany). The probe was excited at 544 nm and emission light was collected at 590 nm. The fluorescence was recorded over a period of 72 s. Nine concentrations were tested (0.1, 0.25, 0.5, 0.8, 1, 2, 5, 10 and 20 mM). Due to limited solubility, it was not possible to test all tripeptides in the highest concentrations. The maximum tested concentration of these tripeptides were as follows: Pro-Trp-Ile (5 mM), Ser-Gln-Phe (10 mM), Gly-Trp-Val (5 mM), Phe-Leu-Ala (10 mM), TrpTrp-Trp (1.25 mM), Gly-Tyr-Trp (0.6 mM), Gly-Val-Phe (1.25 mM) and Met-Phe-Gly (2.5 mM). For interpretation of the results, see "Data Analysis" section. . During incubation, the cells were continuously shaken at 37°C on a Heidolph Unimax 2010 orbital shaker (Kelheim, Germany). After 5 min, the solutions were removed and the cells were washed three times with ice-cold HBSS buffer. The cells were detached by adding 400 µl of 0.1% Triton-X 100 in H 2 O and incubating at 37°C for at least 30 min. The cell homogenate was transferred to a scintillation vial, and 2 ml scintillation fluid was added. The radioactivity was counted by liquid scintillation spectrometry in a Packard TriCarb 2100TR liquid scintillation counter (Meriden, CT, USA). The tripeptides were tested in seven concentrations in the range 0.05-10 mM except for Trp-Trp-Trp where the maximum concentration tested was 2.5 mM.
Computational Procedures
Preparation of Structures. Molecular structures were built in the programme SYBYL (v.7.2, Tripos Associates Inc., St. Louis, MO, USA). Chemical groups were modelled in their dominating charge state at physiological pH. The MMFF94 force field was used for short energy relaxations (dielectric constant set to ε = 4, maximum iterations = 100). All calculations were run on a personal computer.
Molecular Descriptors. The VolSurf descriptors were calculated using the VolSurf software v.4.1.4.1 from Molecular Discovery Ltd. (Middlesex, UK). The principle behind the VolSurf descriptors has been described in details by Cruciani at al. (24, 25) . In brief, the 3D MIFs of a molecule are used to calculate volume and surface descriptors (size and shape as well as hydrophilic and hydrophobic regions and the balance between them). A grid spacing of 0.5 Å and eight energy levels were used in combination with the water (OH2), hydrophobic (DRY), carbonyl oxygen (O) and amide (N1) probes (definitions can be found in the VolSurf software manual) (26) . In addition, six GRID-independent descriptors were included, resulting in a total of 110 descriptors.
PCA Modelling of Tripeptides and Selection of Test Compounds. Translocation properties of a large number of dipeptides had already been tested by Vig et al. (22) . Therefore, it was decided to base the compound selection on tripeptides in the present study. Pilot experiments indicated that peptides with a positive charge of two or three interacted directly with the FLIPR® membrane potentialsensitive fluorescent probe. Tripeptides with two or three positive charges were therefore excluded. The side chain of histidine was regarded as having no net charge. Principal component analysis (PCA) of the remaining 7,800 tripeptides was created using the generated VolSurf descriptors and default settings in the SIMCA-P+ software (v. 11.5.0.0, Umetrics AB, Umeå, Sweden).
Statistical Design of Experiment. The training set was selected using the default settings in the software programme MODDE (v. 8.0.2, Umetrics AB, Umeå, Sweden). A D-optimal onion design of four layers was applied to the PCA model resulting in the selection of 55 tripeptides for the training set. In D-optimal onion design, the data set is partitioned into layers, and a D-optimal design is applied to each layer.
QSAR Modelling of Tripeptide Translocation via hPEPT1. 3A QSAR model describing the VolSurf descriptors influence on the K m app values (modelled as −log K m app ) was created using projections to latent structures (PLS) analysis in the SIMCA-P+ software (v. 11.5.0.0, Umetrics AB, Umeå, Sweden). Default settings were used and the variables were centred and scaled to unit variance. A sevenround cross-validation was performed to test the predictive power of the model (Q 2 ). The model was further validated with response permutation testing and an external test set. The external test set was randomly selected from the inhouse stock of tripeptides.
Data Analysis
Determination of K m app for Substrate Translocation via hPEPT1. The fluorescence signal was normalised according to the initial fluorescence signal, to account for unequal loading of the monolayers or seeding of cells. The MDCK/ Mock cells served as a qualitative control.
The area under curve (AUC) of the normalised fluorescence signal was subtracted the AUC caused by addition of a sample with HBSS, pH 6.0. The AUC values were then expressed as a percentage of the AUC caused by the addition of 20 mM Gly-Sar (later referred to as response), to account for passage and day-to-day variation.
Data were fitted to a Michaelis-Menten type equation (Eq. 1).
V is the percentage response of a given tripeptide at a given concentration, as compared to the response obtained with 20 mM Gly-Sar, V max is the maximal uptake rate of a given tripeptide in percent of the 20 mM Gly-Sar response, K m app is the apparent Michaelis-Menten constant (mM) and [S] Studies of Inhibition of Gly-Sar Induced Changes in Fluorescence. The data treatment was performed as described under translocation studies with the exception that data were fitted to a four-parameter logistic equation Eq. 2.
Affinity Determinations. IC 50 values for the inhibition of Gly-Sar fluxes were obtained by fitting the data to a fourparameter logistic equation (Eq. 2):
U is percent inhibition of the Gly-Sar flux at inhibitor concentration (millimolars), I, U max is the initial flux value of Gly-Sar ([I]=0 mM) ∼100% and U min is the lowest measured flux value of Gly-Sar at maximum inhibitor concentration. Inhibition constants (K i app ) were calculated from the IC 50 values using the method derived by Cheng and Prusoff (27) (Eq. 3).
K i app is the affinity constant, S is the concentration of Gly-Sar (mM) and K m app is the Michaelis-Menten constant for Gly-Sar (mM). Results are given as the fitted K i app value ± SE (Eqs. 2 and 3) based on results from seven concentrations (n=3). Statistical analysis and data fitting were performed using GraphPad Prism (version. 4.01, GraphPad Software Inc., San Diego, CA, USA).
RESULTS
Principal Component Analysis Modelling of Tripeptides and Selection of Test Compounds
PCA of the 7,800 proteogenic tripeptides (tripeptides with a net charge of +2 or +3 excluded, cf. "Methods" section) resulted in a model of ten components with R 2 = 0.85 and Q 2 =0.80. In Fig. 1 , the first two components of the PCA model are displayed. Tripeptides and VolSurf descriptors that are situated in the same area of the score and loading plot, respectively, are related. If a tripeptide is situated in the top right corner (e.g., Trp-Trp-Trp) of the score plot, then the descriptors in the top right corner of the loading plot are prevailing for that particular tripeptide. Comparing the two plots reveals that lipophilic tripeptides with high molecular weight are localised in the top right corner indicated by the molecular descriptors log P, molecular weight (MW) and hydrophobic regions (D). The small tripeptides are located at the bottom of the plot, opposite the MW descriptor and at the same side as the diffusivity descriptor. Polar and charged tripeptides are located on the left-hand side, in the same region as descriptors for hydrophilic regions (W) and capacity factors (Cw), i.e. the ratio between hydrophilic regions and the surface area of the molecule.
To select as structurally diverse peptides as possible, a D-optimal onion design was used to pick 55 tripeptides out of the 7,800 tripeptides included in the PCA model. The selected test substrates are shown in Fig. 1 .
Estimation of Substrate Translocation via hPEPT1
Concentration-dependent changes in fluorescence were measured using a MDCK/hPEPT1 FLIPR® membrane potential assay. Due to the electrogenic nature of hPEPT1-mediated substrate translocation, changes in fluorescence were used as a surrogate marker for substrate transport. Forty of the tripeptides yielded a dose-dependent increase in fluorescence as compared to the mock cells, indicative of hPEPT1-mediated substrate-induced depolarisation. Fluorescence data were fitted to the Michaelis-Menten equation Eq. 1 to obtain K m app and V max values. The K m app values were found to be in the range of 0.4-28 mM (Table I) whereas V max varied between 51% and 142% of the response caused by 20 mM Gly-Sar. Eight tripeptides (Asp-Ile-Arg, Gly-Pro-Lys, Leu-AspTrp, Met-Pro-Pro, Pro-Glu-Leu, Pro-Gly-Asn, Pro-Trp-Ile and Trp-Trp-Trp) were not able to cause changes in fluorescence in the MDCK/hPEPT1 FLIPR® membrane potential assay and were therefore not likely to be substrates for hPEPT1, at least not in the concentration range tested (0.1-20 mM). Due to solubility limitations, Trp-Trp-Trp was analysed in the concentration range 0.03-1.25 mM and ProTrp-Ile in the range 0.03-5 mM.
Seven of the tested tripeptides did not display MichaelisMenten kinetics Eq. 1. Six of these (Ala-Lys-Asn, Arg-PheGln, Asn-His-Trp, Lys-Lys-Glu, Lys-Val-Pro and Tyr-LysThr) had an increase in fluorescence at low concentration, but this was followed by a decrease at higher concentrations, making it impossible to determine a K m app value. Phe-His-Lys caused a decline in fluorescence at all concentrations as compared to HBSS.
Tripeptides with Trp in the amino-or carboxy-terminus were translocated when no charged amino acids were present (Gly-Tyr-Trp and Trp-Pro-Tyr). The translocation was drastically reduced or completely abolished when Trp was positioned in the middle of the tripeptide (Gly-Trp-Val and Pro-Trp-Ile). In a study by Vig et al., it was noted that Trp in the C-terminal position either resulted in a reduced or a complete lack of translocation of dipeptides (22) , which is in agreement with our results.
The cyclic nature of Pro limits the flexibility of Procontaining peptides (28) , which could affect the substrate translocation via hPEPT1. Two of the tripeptides with Pro in the middle position (Arg-Pro-Ser and Trp-Pro-Tyr) were translocated whereas two others were not (Met-Pro-Pro and Gly-Pro-Lys). Three tripeptides with a Pro residue in the Nterminal position were included in the training set (Pro-GlyAsn, Pro-Trp-Ile and Pro-Glu-Leu), and all three were not substrates for hPEPT1. This might be due to a hindrance of interactions between residues in the hPEPT1 binding site and the N-terminal of Pro-X aa -X aa (X aa representing any proteogenic amino acid).
hPEPT1 is assumed only to translocate dipeptides in their trans-conformation (28) , and the presence of Pro in a dipeptide shifts the cis-trans equilibrium in the direction of increased cis-conformation. This might also explain why Pro containing tripeptides are poor transportates (i.e. molecules translocated). Brandsch et al. investigated the effect of Pro position in dipeptides and found that X aa -Pro dipeptides generally have higher affinity than Pro-X aa dipeptides (28) , which corresponds well with our findings.
hPEPT1 seems to favour substrates with a positive charge (represented either by Arg or Lys) in position one, as compared to position three. Arg-Pro-Ser, Arg-Ile-Gln and Arg-Ile-Thr had K m app constants between 0.8 and 1.9 mM, whereas Gly-Pro-Lys and Asp-Ile-Arg were not transported by hPEPT1 and Asp-Arg-Arg had a very high K m app value. The favourable effect of positively charged residues in Nterminal position may be due to the presence of negative side chains in the binding site. Pedretti et al. have created a homology model of hPEPT1 which proposes that the two amino acids Glu23 and Glu26 interact with the ligands N-terminal amino group (29) . These two amino acids might also favour the binding of positively charge amino acid residues in the N-terminal position.
Estimation of hPEPT1 Ligand Affinity
Affinity constants of the presumed non-substrates were determined as ability of the compounds to inhibit hPEPT1-mediated uptake of (Table II) .
To investigate whether Met-Pro-Pro and Trp-Trp-Trp were competitive inhibitors of hPEPT1, their ability to inhibit the Gly-Sar induced signal in the MDCK/hPEPT1 FLIPR® membrane potential assay were investigated. As is evident from Fig. 2 , Met-Pro-Pro and Trp-Trp-Trp shifted the doseresponse curve for Gly-Sar to the right, confirming that a competitive inhibition is taking place.
Modelling of the Structure-Translocation Relationship of Tripeptides for hPEPT1
A PLS model was created using the VolSurf descriptors as the predictor variables and −log K m app as the response variable (Fig. 3) . Five of the tripeptides (Asp-Tyr-Thr, GlyTrp-Val, Arg-His-Asp, Trp-Glu-Asp and Glu-Glu-Ser) had either a low solubility or very high K m app . These data were not used in the modelling, due to the uncertainties by which the K m app values for these tripeptides were obtained. To further simplify the model, descriptors with an importance less than 1.0 according to the variable importance plot were removed in the modelling process. The final PLS model was subsequently built on 35 tripeptides and 49 descriptors, giving a model with one principal component and R 2 and Q 2 values of 0.62 and 0.58, respectively.
The VolSurf descriptors integy moment (IW2-7), volume/ surface ratio (R), hydrophobic regions (D1) and log P all had positive effects on the −log K m app value (Fig. 3) . The IWx descriptors measure the unbalance between the centre of mass of a molecule and the position of hydrophilic regions around it. The number (x=2-7) corresponds to the energy level (−0.5, −1, −2.0, −3.0, −4.0, −5.0 kcal/mol) at which the descriptor was calculated (26) . The volume/surface ratio descriptor is a measure of volume-to-surface ratio (that is, the more wrinkled the surface the higher value). The D1 descriptor describes hydrophobic regions and is in this case calculated at the −0.2 kcal/mol energy level.
The majority of the VolSurf descriptors had negative effects on translocation, i.e. the hydrogen bonding descriptors (HB), hydrophilic region descriptors (W), capacity factor descriptors and best volume descriptors (BV). Overall, hydrophilic and hydrogen bonding regions seem to be unfavourable for the translocation process. In Fig. 4 , the two tripeptides Ile-Leu-Met (K m app = 0.43 mM) and GluGlu-Ser (K m app = 28 mM) are displayed with their respective hydrophilic molecular interaction fields (MIF) at −4.0 kcal/ mol (W6-OH2 descriptor). The volume of the hydrophilic region is inversely correlated with hPEPT1-mediated transport, and the good substrate Ile-Leu-Met thus has a smaller volume compared to the poor substrate Glu-Glu-Ser.
To validate the generated PLS model, a response permutation test was performed (Fig. 5a) . In response As described in the "MATERIAL AND METHODS" section, K m app values are given as mean ± SE SE standard error a V max constrained to 100% permutation testing, the predictor variables are left intact (i.e. the VolSurf descriptors), while the response variables are randomised (−log K m app ) in a number of new PLS models. The R 2 and Q 2 values of these new models were plotted against the correlation coefficient between the original and permutated K m app values. The intercept of the R 2 and Q 2 regression lines were −0.003 and −0.148, respectively. These were well below the limits of 0.3 and 0.05 proposed for valid models (30) . An external validation was also performed. The ability of the model to predict the K m app values of nine tripeptides, not included in the training set, were investigated (i.e. Ala-Ala-Ala, Ala-Pro- Ala, Gly-Ala-Asp, Gly-Ala-Phe, Gly-Glu-Gly, Ser-Gly-Gly, Gly-Leu-Tyr, Gly-Val-Phe and Met-Phe-Gly). The observed vs. predicted K m app values are displayed in Fig. 5b , giving a regression coefficient (r 2 ) of 0.90 and a root-mean-square error of the prediction of 0.29. The root-mean-square error of the prediction value corresponds well with the equivalent one obtained for the training set (0.25), which indicates that the model is not overfitted.
DISCUSSION
In the present study, we have tested 55 tripeptides diversely selected from 7,800 tripeptides. Forty of the tripeptides were found to be substrates for hPEPT1, and K m app values were obtained. This enabled us to successfully create the first QSAR model that correlates the alignmentindependent VolSurf descriptors with K m app values for hPEPT1. We also obtained affinity data for a selection of the tripeptides and thereby identified Met-Pro-Pro as a highaffinity inhibitor of hPEPT1 (K i app =20 µM) and Asp-Ile-Arg as neither being a substrate nor an inhibitor of hPEPT1.
Substrates and Inhibitors of hPEPT1
We have obtained translocation and affinity data for a large set of tripeptides, doubling the number of tripeptides Fig. 4 . Two tripeptides, Ile-Leu-Met (good substrate, K m app =0.43 mM; left) and Glu-GluSer (poor substrate, K m app =28 mM; right), shown with their hydrophilic MIFs at −4.0 kcal/ mol. The volume of the hydrophilic region is inversely correlated with hPEPT1-mediated transport (cf. W6-OH2; Fig. 3 ) Fig. 3 . Plot of the PLS coefficients. On the x-axis, the VolSurf descriptors included in the PLS model are shown and the y-axis represents the PLS coefficients. A positive PLS coefficient indicates that a higher value of that VolSurf descriptor has a favourable effect on the −log K m app value, whereas the opposite is true for negative coefficients. The equation for the QSAR model is as follows: −log K m app =0.15 log P+0.13 R-OH2+0.12 Iw7-OH2+0.12 Iw5-OH2+0.12 Iw4-OH2+0.12 Iw6-OH2+0.12 D1-DRY+0. already investigated (31) . The stability of the tripeptides under the assay conditions might theoretically pose a problem. In the MDCK/hPEPT1 FLIPR® membrane potential assay, the tripeptides were in contact with the cells for only 72 s, and hence, it was assumed that the degradation of the tripeptides to dipeptides was negligible. When determining K i app values of the non-substrates, the tripeptides were in contact with the MDCK/hPEPT1 cells for 5 min. We cannot rule out that a small fraction of dipeptides might have influenced the precision by which the K i app values were determined. Eight tripeptides (Met-Pro-Pro, Trp-Trp-Trp, Leu-AspTrp, Gly-Pro-Lys, Pro-Trp-Ile, Pro-Glu-Leu, Pro-Gly-Asn and Asp-Ile-Arg) were identified as non-substrates, adding to the growing list of di-and tripeptides that are not being transported by hPEPT1. We found that Trp-Trp-Trp was an inhibitor of hPEPT1 which is in agreement with a previous study (32) . Previously, Lys-Arg, Lys-Lys, Lys-Trp, Pro-Arg, Pro-Asp, Pro-Glu, Pro-Gly, Pro-Lys, Pro-Phe, Pro-Ser, ProTyr, Trp-Tyr and Trp-Trp have also been identified as not being substrates for hPEPT1 (22, 32) . One could speculate that Lys-Arg and Lys-Lys, both having a net positive charge of +2, may have interacted with the assay system, as their method was similar to ours (22) . Comparing our data set with the set of dipeptides reported by Vig et al., it becomes clear that dipeptides generally have lower K m values than tripeptides, indicating that translocation of the third positioned amino acid in the tripeptides is energetically less favourable.
hPEPT1 was not capable of transporting the tripeptide Met-Pro-Pro with Pro in both the middle and carboxyterminal position. Interestingly, the binding of Met-Pro-Pro to hPEPT1 was very strong (K i app =0.02 mM), having one of the highest affinities ever reported for di-and tripeptides. This implies that the conformation adapted by the semi-rigid Met-Pro-Pro molecule was favourable for binding to hPEPT1 but unfavourable for translocation. Biegel et al. have shown that Ile-Pro-Pro and Val-Pro-Pro have affinity constants of 0.28 and 0.06 mM, respectively (14) , which was in accordance with X aa -Pro-Pro binding to hPEPT1 with high affinity. Whether these two tripeptides were transported by hPEPT1 was, however, not reported (14) .
A different pattern is observed for Asp-Ile-Arg, which was found to be neither a substrate nor an inhibitor of hPEPT1. This is, to our knowledge, the first report of a proteogenic tripeptide that does not bind to hPEPT1. It is worth noticing that the peptide Asp-Arg-Arg was translocated by hPEPT1, although with a very high K m app value (21.1 mM). One can only speculate why this difference in translocation between Asp-Ile-Arg and Asp-Arg-Arg was observed. One suggestion could be that the energy cost for Asp-Arg-Arg to go from the solvated to the hPEPT1-bound form was more favourable due to the position of two neighbouring positive side chains.
The maximum transport rate of the tripeptides varied between 51% and 141% of the response of 20 mM Gly-Sar. At saturating substrate concentrations, the rate-limiting step of translocation is proposed to be reorientation of the empty carrier from the intracellular to the extracellular facing state (33) . As different V max values were obtained for different tripeptides, additional processes may affect the rate of substrate transport.
To separate, groups have identified peptide transporters in MDCK cells. Brandsch et al. identified PEPT1 at the functional level whereas Terada et al. found a peptide transporter at the basolateral membrane that appeared to be distinct from both PEPT1 and PEPT2 (34, 35) . In the experimental setting used in the present study, no significant changes in fluorescence were observed in the MDCK/Mock cell line when 20 mM of the tripeptides was added. Either our cell cultivation does not promote the expression of the endogenous peptide transporters or the expression levels are too low to measure in the experimental settings used.
Modelling of Structure-Translocation Relationship of Tripeptides for hPEPT1
The ability of a QSAR model to predict the selected effect parameter is largely defined by the structural diversity of the training set on which the model is build (36) . A statistical design of experiment approach was used to ensure that the tripeptides were selected from the entire chemical space spanned by VolSurf descriptors. Surprisingly, not all of the selected tripeptides were translocated by hPEPT1 and others interacted with the assay components, as described in "Methods" section. The structural diversity of the final QSAR model was therefore not as diverse as intended. In spite of this, our model was valid and capable of predicting the translocation of nine tripeptides not included in the training set. VolSurf descriptors have been specially developed to describe pharmacokinetic properties of drugs, and the descriptors are mainly based on physiochemical information such as the hydrophilic MIF illustrated in Fig. 4 (24,25) . Using the fast and simple VolSurf approach provides an overall characterisation of the molecules that are good transportates for hPEPT1. However, it does not identify specific molecular interactions between the protein and ligand, in the way a pharmacophore model would have. A pharmacophore is a static picture of the binding between a protein and a ligand. However, the entire process of translocation of a substrate via PEPT1 is, as indicated by the seven-steep kinetic model proposed by Sala-Rabanal et al., a dynamic process (33) . In addition, the binding of substrates to hPEPT1 is much weaker than ligand-receptor interactions, which are often in the nanomolar range (37) . Therefore, it seems reasonable that the physiochemical surface parameters calculated by the VolSurf descriptors were useful for prediction of the translocation process through hPEPT1.
Hydrophilic and hydrogen bonding regions were found to be unfavourable for translocation through hPEPT1. The hPEPT1 binding site has been proposed to be rich in apolar amino acid residues which might explain the observed pattern (29) . In addition, the desolvation process for tripeptides with strong hydrophilic and hydrogen bonding regions might be less energetically favourable than the more apolar tripeptides.
With the aid of VolSurf descriptors, it has been possible to model the relationship between binding and structure of hPEPT1 ligands (16, 17) . The present study is the first evidence for the VolSurf descriptors being descriptive of the more complicated process of translocation via hPEPT1.
Comparing the present model with the QSAR model developed by Andersen et al. employing VolSurf descriptors and with the VolSurf part of the model created by Larsen et al., the overall picture is similar (16, 17) . Binding is a prerequisite for transport which the resemblance between the affinity and translocation models support. A few differences between the three QSAR models were, however, observed. The present model and Larsen et al. found a positive influence from the integy moments whereas the opposite was true for the model proposed by Andersen et al. Both studies found a positive effect of the hydrogen bonding capabilities of the hydrogen bond donor probe (N1) which was in contrast to our model. Whether this observed difference is due to the different effect parameters (i.e. binding versus translocation) was not possible to elucidate from the studies. It could also have been a consequence of the models being built on different training sets. If the purpose of the model is to predict translocation, it is important to build the model from molecules that are actually substrates; this is emphasised by the discovery of eight new inhibitors of hPEPT1.
The tripeptide Lys-Pro-Val has anti-inflammatory properties and a reported K m of 0.7 mM for hPEPT1 (38) . The QSAR model presented here predicts the K m app of Lys-ProVal to be 1.5 mM. hPEPT1 expression is upregulated in inflammatory colon cells; therefore, Lys-Pro-Val might have potential as a new therapeutic for inflammatory bowel disease (38) . Our model is thus predictive of the hPEPT1-mediated permeability of what might become a drug substance. As the model presented in this study was based on tripeptides, the next feasible step would be to test and include other classes of hPEPT1 substrates to the model such as β-lactam antibiotics, antiviral drugs, back-bone modified and/or side-chain modified di-and tripeptides as well as dipeptides.
CONCLUSION
We present here the first report on a QSAR model based on hPEPT1 substrate translocation data, a model able to predict the K m app for the translocation of tripeptides via hPEPT1. The model may support future design efforts of tripeptidomimetic drug candidates, assisting in the pursuit of an acceptable absorption profile for the compound in question. Seven new proteogenic tripeptides that are not substrates for the proton-coupled peptide transporter were identified. Interestingly, we identified the conformationally restricted tripeptide Met-Pro-Pro as a high-affinity inhibitor of hPEPT1 and Asp-Ile-Arg as the first natural tripeptide that does not bind to hPEPT1.
